Factor XIII deficiency (FXIIID) is an extremely rare autosomal recessive disorder that has the highest incidence in Iran. The FXIIID is primarily due to mutations in the FXIII-A gene, most of which are unique. In the current study, we report all identified mutations among Iranian patients. Among 483 patients, 366 (75.8%) were molecularly analyzed; 11 different mutations were observed. Of 11, 8 (72.7%) are missense, whereas the remaining 3 (27.3%) are deletion/insertion. Among these patients, 347 (94.9%) had the unique mutation of c.562T>C and 5 (1.4%) had the c.233G>A mutation. c.1226G>A, c.2111G>A, and c.1142T>A are also common, whereas other mutations, including 3 missense and 3 deletion/insertion, were observed only in single patient. Although, in most cases, FXIII mutations are unique and restricted to a specific family, this differs in Iran where a considerable number of identified mutations, recurrently observed, appear to be due to the high rate of consanguinity.
Introduction
Coagulation factor XIII (FXIII) is a tetrameric transglutaminase, consisting of 2 A subunits (FXIII-A), with catalytic function, and 2 B subunits (FXIII-B) as a carrier (A2B2), held together by noncovalent bonds. The FXIII-A is synthesized by cells of bone marrow origin, whereas FXIII-B is produced by hepatocytes. Mature FXIII-A is a 731-amino acid (aa) protein consisting of a 37 aa activation peptide (AP-FXIII), 147 aa b-sandwich, 331 aa catalytic core, the longest domain, as well as b-barrel-1 and b-barrel-2 with 113 and 103 aa, respectively [1] [2] [3] [4] ( Figure 1 ).
Arg260 aa in the catalytic core domain of 1 FXIII-A subunit forms a bond with Asp404 aa in the other FXIII-A monomer to form FXIII-A2 dimer. Among several cysteines in the FXIII-A subunit protein, it is Cys314, located within the Tyr-Gly-GlnCys-Trp sequence of the catalytic core domain, that forms the active site of FXIII protein 1, 4, 5 (Figure 2 ). During the activation of FXIII, AP-FXIII is cleaved by thrombin and released into the plasma. After activation, this coagulation factor, in the final stage of blood coagulation, stabilizes fibrin clots and protects them from the fibrinolytic system's proteolytic degradation by forming covalent cross-links between the g-glutamyl and E-lysyl residues of fibrin monomers after activation by thrombin. 1, 2, 6 FXIII deficiency (FXIIID) is an extremely rare bleeding disorder (RBD) with approximately 1 in 2 million prevalence in the general population. [7] [8] [9] [10] Most affected patients have a deficiency of the A subunit. Clinical manifestations of FXIIID include umbilical cord bleeding (UCB), delayed wound healing, subcutaneous and soft tissue bleeding, and recurrent abortion and pregnancy loss, with intracranial bleeding the main cause of death. [11] [12] [13] [14] Most bleeding episodes are seen in patients with severe deficiency. The clot solubility test in urea, acetic acid, or monochloroacetic acid was used to detect FXIIID, but this test detects only the severe form. Heterozygotes of FXIIID are diagnosed by quantitative assays such as amine incorporation and ammonia release. 9, [15] [16] [17] In regions with a high rate of consanguineous marriage, the number of patients with RBDs such as FXIIID is significantly higher. The prevalence of FXIIID in Iran is very much higher than its overall frequency in the rest of the world-Iran had 473 patients in 2014, with an additional 10 new cases in 2016, a total of 483.
Methods
The aim of this study was to report all identified FXIII gene mutations among Iranian patients. For this purpose, data were obtained from all previous studies on such patients. For this review, we searched Pubmed and Web of Science databases for English studies using appropriate keywords including rare bleeding disorder in Iran, rare inherited disorder in Iran, recessive bleeding disorder in Iran, factor 13 deficiency in Iran, Factor XIII deficiency in Iran, FXIII deficiency in Iran, FXIII deficiency in Iran, and F13 deficiency in Iran in the title or abstract. These words were used separately and in combination with each other. To avoid missing data, no restrictions were set on the search. If the papers were not found in the original search, they were added manually.
Results
The data search identified 11 mutations among Iranian patients with FXIIID.
Molecular Basis of FXIIID
Of 483 patients with FXIIID in Iran, 366 patients were molecularly analyzed. 20 Among them, 11 different mutations were observed. Of the 11 mutations, 8 (72.7%) were missense and the remaining 3 (27.3%) were deletion/insertion. Two of these deletions lead to frameshift and, subsequently, premature termination of protein synthesis with the formation of truncated protein. 11, 20 All of these mutations are in the FXIII-A subunit gene. Of the 366 patients, 346 are residents of Sistan and Baluchestan Province, with a unique c.562T>C (Trp187Arg) mutation in the FXIII-A subunit. Another common mutation, found in 5 patients, is c.233G>A (Arg77His) in exon 3. Other common mutations in Iranian patients are c.2111G>A (Arg703Gln) and c.1226G>A (Arg408Gln), each observed in 3 patients. Met380Lys is another missense mutation in exon 9, observed in 2 patients 11, 20 (Table 1) .
Trp187Arg (c.562T>C)
Trp187Arg, observed only in Iran, is the leading cause of FXIIID in the country, affecting 347 (94.9%) patients. Of these, all but one, who lived in Tehran, were resident in Sistan and Baluchestan Province. A control group of 485 normal individuals was checked for this mutation, but none was positive in heterozygote or homozygote state. The most frequent clinical presentation leading to diagnosis of FXIIID was UCB, observed in about 80%. Intracranial hemorrhage (ICH; 17%), deep soft-tissue hematoma (53%), and prolonged wound bleeding (31%) were other common presentations. The FXIII activity was tested in 63 patients, with undetectable levels in all.
Most of these patients were closely related (about 70%), but about 10% descended from unrelated parents. This mutation occurs at exon 4 of the FXIII-A gene and affects the catalytic core in the FXIII-A subunit protein. [20] [21] [22] Trp187 is located toward the protein surface between the catalytic core and the b-sandwich domain. In native FXIII-A, Trp187 forms a stable cavity between them. Substitution by arginine in this position results in steric clashes of arginine with the side chains and formation of the hydrophobic cavity between them. These rearrangements may contribute to the destabilization of this region.
7,23
Arg77His (c.320G>A)
Another recurrent mutation is c.320G>A in exon 3 of the FXIII-A gene and the b-sandwich of FXIII protein. Of 5 patients with this mutation, 4 had UCB; the fifth experienced recurrent miscarriage (5 times). The FXIII activity was between <1% and 11% by photometric assay. The native Arg77 side chain extends in an H-bonded network. Probably, Arg77 has strong hydrogen bonds with His64 and Phe184. 24 There is also an H bond between Arg77 and His65. Moreover, Arg77 has electrostatic interactions with Tyr69 and Leu328. When Arg77His occurs, the number of H-bonds is significantly decreased and a relatively weak hydrogen bond is formed between His77 and Asn185. This decrease in the H-bonded network probably decreases the stability of FXIII protein, with subsequent early degradation and severe FXIIID. Arg77His has been observed in patients of European origin. Two European patients, from Spain and Belgium, had this mutation in double heterozygote state. Arg77Cys is another common mutation of the FXIII-A gene in this position, observed recurrently in different parts of the world.
7,24

Arg382Ser (c.1149G>T)
The perfect orientation of native Arg382 causes its polar hydrogens to participate in hydrogen binding. Two hydrogen bonds are formed between the Od atoms of Asp384 and the NE and NZ atoms of Arg382, which have a role in stabilizing the core domain of the FXIII-A subunit protein. In addition to these bonds, Arg382 can form 2 strong and 1 relatively weak hydrogen bonds with other amino acid side chains. 7, 9 When the Arg382Ser mutation occurs, only 1 weak hydrogen bond can be formed, and the network thus created leads to the destabilization of the FXIII protein and severe FXIIID. 7 This missense mutation in exon 9 and core domain of FXIII-A subunit, leading to severe deficiency, was observed only once, in homozygote state, in an Iranian patient whose clinical presentations include central nervous system (CNS) bleeding and gastrointestinal bleeding. 
Arg260Cys (c.781C>T)
The native Arg260 has a central role in forming several hydrogen bonds. Arg260, in the catalytic core domain of 1 FXIII-A monomer, forms a salt bridge with Asp404 amino acid in another catalytic core domain to form a homodimer. When Arg260Cys occurs, hydrogen bonds are omitted and lead to abnormal folding, instability, and early degradation of FXIII protein. This mutation, which causes abnormal FXIII-A2 dimer formation, is not restricted to Iran, having been observed in patients originating in Poland, Italy, Switzerland, and Japan. 9, 25, 26 Arg260His (c.782G>A) This mutation was observed in patients from Syria, Italy, and India. Only 1 Iranian patient has this mutation in homozygote state. Arg260 is highly conserved within the transglutaminase family, and normal gene variation in this position is not reported. Similar to Arg260Cys, this mutation causes a decrease in hydrogen bonds, leading to instability and early degradation of FXIII protein. 7, 27 c.689delA
This single-nucleotide deletion in exon 5 of the FXIII-A subunit gene was reported in only 1 Iranian patient with severe FXIIID. This mutation led to premature stop and the formation of a truncated protein. A missense mutation (c.689A>G) in the current position was observed in an Indian patient with UCB. 7, 24 c.1981delC
Another small deletion that led to premature stop and truncated FXIII-A protein was observed solely in exon 14 of the FXIII-A subunit gene. This single-nucleotide deletion was seen only once, in 1 Iranian patient, in homozygote state. 7, 24 Met380Lys (c.1142T>A) Met380, conserved among all homologues of transglutaminase, is not among known polymorphisms of the FXIII-A gene. When Met380Lys occurs, native Met380 is substituted by positive charge Lys that can significantly alter steric interactions with surrounding residues, resulting in destabilized FXIII-A protein and early degradation. This mutation can also affect the electrostatic balance and therefore decrease FXIII-A affinity to its substrate. This nucleotide substitution was observed for the first time in 2 Iranian patients with severe FXIIID.
Arg703Gln (c.2111G>A)
Substitution of wild-type Arg, as a large charged amino acid, with Gln, as a small negative-charge amino acid, in barrel-2 can cause instability of FXIII-A and early degradation. This mutation was observed for the first time in 3 unrelated Iranian patients. It causes severe FXIIID. 7, 18 Arg408Gln (c.1226G>A) Similar to the previous mutation, a small negative-charge amino acid is replaced by a large positive-charge amino acid that can decrease stability of the FXIII-A protein. This mutation was seen in 3 unrelated Iranian patients with severe FXIIID. 7, 18, 28 c.859_861InsGGG (p.286InsGly)
A triple nucleotide insertion was not observed prior to this patient. Exon 7 has a crucial role in coding the catalytic triad and, thereby, enzymatic activity of FXIII. Any change in this exon can severely affect its activity.
7,28
Discussion
With these 3 additions, 156 mutations are observed in the FXIII-A gene, most commonly observed mutations are missense (n ¼ 80, 51.3%). Deletions/insertions are the second most common mutations, representing 23.7% (n ¼ 37). Nonsense mutations are observed with a frequency of 11.5% (n ¼ 18), and splice site mutations comprise 13.5% (n ¼ 21). [1] [2] [3] Among Iranian patients, missense mutations are the most frequent-of 11 reported mutations, 8 (72.7%) are missense, and the 3 (27.3%) remaining mutations are deletion/insertion. These mutations were scattered throughout the FXIII-A gene 7, 28, 29 ( Figure 3 ). Of the 366 Iranian patients who were molecularly analyzed, 347 (94.9%) had the c.562T>C mutation; all except 1 are resident in southeast Iran. 7, 29 Occurrence of this mutation in a considerable number of patients is suggestive of a founder effect in this population. Since c.562T>C is the sole FXIII-A gene mutation in the area, it has been used successfully for prenatal diagnosis, carrier detection, and premarital counseling. 7 Late diagnosis of FXIIID leads to high rates of morbidity and mortality. The FXIII activity test, however, is not routinely performed due to its high cost. The clot solubility test remains the sole screening test at this time. Identification of a unique mutation in the southeast Iran is very useful for screening and diagnosis 7 . All 11 mutations are accompanied by severe, lifethreatening bleeding, most commonly UCB, that is the first presentation among all except the Arg382Ser and c689delA mutations. Although these patients did not present UCB, they had other severe bleeding such as CNS bleeding, recurrent pregnancy loss, and hematoma.
Although most of these mutations are new and unique and restricted to a specific family, a few recurrent mutations were observed. In addition to c.562T>C, most occurred among related patients. 7 Recurrent mutations usually were observed among populations with high rates of consanguineous marriage. Pakistan, India, and Tunisia are such populations. Ser295Arg and c.2045G>A are the 2 common mutations among Pakistani patients and c.869insC was recurrently observed among Tunisian patients, where the founder effect was seen. [30] [31] [32] IVS5-1G>A is one of the most recurrent mutations observed among different populations in Poland, England, Macedonia, the Czech Republic, the Netherlands, Kosovo, Germany, Turkey, and Greece. Several recurrent mutations were noted among Indian patients, and in a recent study, Trp375X was recurrently observed in northern India. 26, 33, 34 This mutation, similar to Trp187Arg, was restricted to a geographic state of the country, although it was seen, as well, in a patient from Tehran Province. This common mutation leads to profound FXIIID with severe life-threatening bleeding such as UCB, ICH and recurrent miscarriage, hematoma, and hemarthrosis. The spectrum of FXIII-A gene mutations in Iranian patients, in contrast to other populations, includes a considerable number of recurrent mutations, and this diathesis seems to be due to the high rate of consanguinity. 7, 19 Diagnosis of FXIIID is a challenge worldwide, but determination of the molecular basis of the disorder yields early and precise diagnosis, ensuring that FXIIID can be properly managed. 
